The overpressures, flame velocities and flow speeds were investigated in closed-end and open-end tubes via numerical simulations. Our results suggest that the tube geometry influences the evolution of these parameters. The peak overpressure initially decreased and eventually increased with the aspect ratio in both types of tubes. The flow speed initially increased and then decreased with the propagation distance in the closed-end tube, but it increased with increasing distance in the open-end tube. Empirical equations relating the peak overpressure and the peak flow speed are presented. The flame velocities in the open-end tubes were always greater than those in the closed-end tubes, especially the maximum flame velocity. The open end promoted flame acceleration, while the closed end resulted in near-wall deceleration. The results provide a reference for future limited-space gas explosion studies.
Methane continuously seeps into most underground coal mines, flowing from the mined coal seam and surrounding rock. Therefore, preventing methane leakage and explosions in underground coal mines may be impossible. Studies have focused on methane-air explosion parameters, such as overpressure, shock wave velocity and flame speed, in the context of preventing and controlling methane-air explosions. The destructive power of the resulting explosion depends on many factors, such as the reactive mixture composition, volume, ignition position and reacting space geometry.
1,2 The first gas explosion study was conducted by Chapman 3 and Jouguet, 4 who derived the relevant equations and discussed the CJ detonation state. Mallard and Le Chatelier 5 studied coal mine safety and made conclusions related to uncontrolled coal mine explosions. Ciccarelli et al. studied flame acceleration in smooth ducts and ducts equipped with turbulence-producing obstacles. 5 Ibrahim et al.
explored the effects of the obstacle geometry, blockage ratio and venting pressure on overpressures, which result from premixed flame deflagration. Na'Inna 7 analysed the separation distance (pitch) between obstacles, noting that it requires further study due to its effect on explosion severity. Dobashi 8 examined the effects of the gas flow turbulence, flammable gas concentration distribution, and flame front instability on gas explosions. Still, underground coal mine safety remains a major issue around the world. In addition, pipelines have been widely used to transport natural gas and other combustible gas/air mixtures for various chemical processes. This study addresses the influence of reacting space on gas explosions. The reacting space encompasses partially confined and confined spaces, i.e. tubes with one or both ends closed. 
Numerical model and calibration

Computation codes
The AutoReaGas software is suitable for deflagration and flammable gas detonation simulations. [9] [10] [11] [12] [13] [14] The conservation equations of mass, energy and momentum were used in the numerical model
The turbulent flow field was described as flows 15 @ @t
where is the density, u is the velocity, p is the pressure, E¼C v TþmfuH c is the specific energy, k is the turbulent kinetic energy, " is the dissipation rating of turbulent kinetic energy, mfu is the mass fraction of the reactant, t ¼C k 2 /" is the eddy viscosity coefficient, R C is the burning rate in the volume, C is set to 0.09, CV is the specific heat at a constant volume, T is the temperature, H c is the heat of combustion, À Ã ¼ t =ðÞ Ã is the turbulent diffusion coefficient, ðÞ Ã is the turbulent prandial number, ij is the Kronecker delta, i and j are the coordinate directions and C 1 and C 2 are constants.
The turbulent intensity, u 0 and characteristic length, L t , can be described by k and "
A combustion reaction was considered as the elementary reaction. The volume-based combustion rate, R c , was computed based on
where C t is the dimensionless constant and the main adjustable parameter, is the mixture density, À is the turbulent diffusion coefficient of mass or energy and R min is the minimum mass fraction among fuel, oxygen and other products. The turbulent burning velocity, S t , was calculated based on where L t is the turbulent scale, u t is the turbulence intensity, S l is the laminar burning velocity and is the kinematic viscosity of the unburned mixture. Further details of the computational codes were reported by Van den Berg et al. [19] [20] [21] The initial laminar combustion rate was described using a quasi-laminar modification. The other adjustable parameter, F s , represents the influence of pressure, temperature and flame front wrinkling on the laminar burning velocity. S l,eff can be expressed by F s , the flame radius, r, and the laminar burning velocity, S 1 22
In AutoReaGas, the combustion reaction function can be described by equation (12) 
where s is the stoichiometric mass that completely reacts with 1 kg of fuel.
The constants used in the methane-air explosion computational fluid dynamics simulations are listed in Table 1 .
Experimental verification
Numerous coal mine experiments have been used to validate numerical simulation. 20, 24 These studies concluded that relative errors within AE 47% represented acceptable agreement between the numerical simulation and experimental results for engineering applications. 17 Lea also confirmed the AutoReaGas software simulation reliability through a series of experiments. 25 Therefore, an experiment was conducted to corroborate the simulation results and select a suitable grid size. The overpressure was chosen as the comparison parameter because it is easy to acquire and is a commonly studied parameter during explosions. [9] [10] [11] 13 In most studies, the overpressure is measured using piezoelectric pressure transducers. 26 Therefore, piezoelectric pressure probes were used to record the transient pressures at different axial locations in the channel during the verification experiment.
Experimental apparatus. The experiment was conducted in open-end and closed-end tubes to obtain the overpressure values, which were used to calibrate the numerical model. A schematic of the experimental apparatus is shown in Figure 1 . It indicates the positions of nine piezoelectric pressure sensors, which are spaced 0.5 m apart and 0.5 m from the ignition end. A photodiode probe was mounted 0.25 m from the ignition end and was used to activate the data collection instruments. The pipe is 5 m long, with a cross-section of 8 cm Â 8 cm. All of the experiments were conducted using stoichiometric methane-air, which was prepared in a separate mixing chamber using the partial pressure method. Ignition was actuated by a combustion engine spark plug at the left end of the pipe, which was closed. The ignition energy was 2 J. A circulating system was used to maintain a uniform mixture in the pipe. The atmospheric temperature was 25 C, which was also the temperature used in the numerical simulations.
Comparison of peak overpressure. Two different grid sizes were used in the numerical simulations to verify the accuracy of the results. One grid size was 2 cm Â 2 cm Â 2 cm, while the other was 4 cm Â 4 cm Â 4 cm. Thus, there were 16,000 and 2000 cells in each grid, respectively. The relative error of the two different grid sizes at various distances is shown in Table 2 . Per Table 2 , the 2 cm Â 2 cm Â 2 cm grid is more accurate. Therefore, the 2 cm Â 2 cm Â 2 cm grid was adopted for further numerical simulations. A comparison between the numerical calculations and experimental results at different points in various tubes is shown in Figure 2 . Both the peak overpressure and the blast wave shape exhibit good agreement in Table 3 . The maximum relative error between the experimental and numerical results was 8.35%, which is significantly lower than 47%. Thus, the numerical results exhibited a positive agreement with the experimental results.
Results and discussion
Deflagration propagates from the closed ignition end toward the opposite end of the tube. The generated compression waves set the unburned gas into motion and create turbulence. Turbulence increases the flame surface area and the local mass and energy transport, which may cause flame acceleration. As the flame accelerates, the compression waves coalesce to form a shock wave, which can increase both the pressure and temperature. The shock-flame complex, i.e. doublediscontinuity structure, can be treated as a 1D phenomenon, as shown in Figure 3 . Note that this study uses this classical model to analyse the data obtained via numerical simulations. Flame propagation in the lateral confinement reacting space generates acoustic waves, which can interact with the flame and cause perturbations on otherwise smooth flame surfaces. This means that the deflagration, as represented by the overpressure or velocity, always possesses a certain thickness, which differs from the shock wave. This difference is illustrated in Figure 3 .
Basic phenomena
Closed-end and open-end tubes induced different reflection characteristics. Therefore, the overpressure and velocity effects on the shock wave and deflagration are different. This difference can be explained by comparing data collected at the same distance from the ignition end of the two types of tubes, which are shown in Figure 4 . Each tube is 20 m long with a cross-section of 0.08 m Â 0.08 m. Figure 4 (a) presents a time-overpressure diagram, which illustrates the major overpressure difference between the closed-end and open-end tubes, as well as the oscillation-induced influence. The waveform shapes were similar from the onset of the experiment through 0.0759 s. Then, the evolutions differed. The 0.0759 s time point was used to divide the evolution into two parts for further analysis. These parts included the area affected by end-wall reflected compression waves (yellow shaded area in Figure 4 (a)) and the area not affected by end-wall reflected compression waves (cyan shaded area in Figure 4 (a)). Based on Van Wingerden coworkers, 27 three types of blast waves can occur: (1) a shock wave followed by a rarefaction; (2) a shock wave followed by a sonic compression wave and then a rarefaction wave; and (3) a sonic wave and a rarefaction wave. In this case, the blast wave belongs to category (2), as shown in Figure 4 (b) and the green box in Figure 4 (a).
The arrival of the shock wave (yellow shaded area in Figure 4 (b)) causes the overpressure to dramatically increase, reaching 0.061 MPa. The local overpressure evolution suggests that the shock wave is an inert planar wave, as shown in figure The unburned postshock gas, which is preheated by deflagration, is influenced by the compression waves and overpressure increase. The overpressure reaches a local maximum of 0.233 MPa when the sonic compression waves arrive. Subsequently, the rarefaction wave, which directly follows the sonic compression wave, causes the overpressure to decrease. The combustion process in the reaction zone (i.e. deflagration) will result in an increased temperature, which is caused by the transformation of chemically bound energy into heat and eventually results in a gradual pressure increase. Therefore, the overpressure increases to the local maximum value of 0.248 MPa at 0.0794 s (cyan shaded area in Figure 4 (b)). Subsequently, the inevitable overpressure attenuation, which is due to thermal conduction, natural convection and reactant consumption, reduces the heat generation. The interval between the shock wave and the deflagration on time scale ÁT is always greater than zero, except during the deflagration transition to detonation. After 0.0759 s, the reflection waves cause the overpressure to reach 0.654 MPa, 0.878 MPa and 1.61 MPa in the closed-end tube. The maximum overpressure in the closed-end tube is approximately 6-7 times greater than that in the open-end tube. The overpressure then cyclically varies with decreasing amplitudes, which is due to thermal conduction, natural convection and reactant consumption. As the fluid flow progressively stabilizes, the overpressure reaches a pseudo-steady state. The yellow shaded area in Figure 4 (a) clearly illustrates the periodically oscillating overpressure values. Details of this phenomenon are presented in Figure 5 . Figure 4 (c) illustrates the flow speed at a measured point, which is located the same distance from the ignition end in both tubes. The shaded cyan area in Figure 5 (c) depicts the flow that propagates from the ignition end to the opposite end, while the opposite propagation is illustrated in the yellow shaded region. The propagation in different directions contributes to the positive and negative flow speed values, but the absolute value is more important for engineering applications. Therefore, the flow speed is considered a scalar. The results were similar during the initial stage, but differed after 0.0759 s, which is similar to the overpressure trend illustrated in Figure 4 (a). Flow speeds, which are accelerated by shock waves, can reach 125 m/s in both tubes. The post-shock gas flow speed is significant larger than the shock wave flow speed. Compression waves in the gap between the shock wave and rarefaction wave will overtake the shock wave and merge with it. This process contributes to the shock wave overpressure increasing with time. The compression wave flow speed reached 340 m/s. Thus, the propagation regime can be defined as a slow subsonic flame, which was suggested by Peraldi et al. 28 In this case, global quenching may be observed, as shown in the Figure 5 . After 0.0759 s, the difference between the tubes is clear. In the open-end tube, the deflagration arrives at the measuring point just after the blast wave, and the flow speed reaches 545 m/s. Then, the flow speed dramatically decreases. In the closed-end tube, the end-wall contributes to the flow speed reaching 730 m/s. Details of these oscillation phenomena are shown in Figure 5 . Figure 5 illustrates the time-space relationship between the overpressure and velocity in the closedend tube, which is 20 m long with a cross-section of 0.08 m Â 0.08 m. As noted above, periodic oscillations are only visible in the closed-end tube. The spatiotemporal overpressure evolution is shown in Figure 5 (a). Note that the colour change from black to red to yellow to white in Figure 5 (a) indicates that the overpressure gradually increases from small to large. The sudden overpressure increase correlates with the shock wave, sonic compression wave and other wave trajectories. The pressure waves repeatedly propagate from one side to the other until the overpressure value is spatiotemporally constant. Lines were artificially added to Post-shock gas Burned gas
Pre-shock gas Note that the overpressure and velocity were collected from the same experiment. Therefore, the wave trajectories must be the same. The shock wave (red solid line in Figure 5 (b)) and the sonic compression wave (blue dashed line in Figure 5 (b)) propagate from the ignition end to the opposite end in sequence. Global quenching was observed at the double point, Q. It is caused by intense turbulence, which is the result of the shock and sonic compression waves intersecting. A local explosion then occurred at point E, which generated two compression waves that propagated in different directions. These compression waves impact the period. In some special cases, the inadequately long tube and/or lean fuel-air mixture limit the flame acceleration. In those cases, significant compression waves cannot be generated. Therefore, the colour contours in those cases may only distinguish the sonic compression wave and its reflection waves, without delineating the two compression wave trajectories. This phenomenon has been reported in detail by Zhu et al. waves continuously varies during the propagation, but never reaches zero.
Figure 5(d) shows the compression wave trajectory after global quenching and before the local explosion. The compression wave velocity reached 725 m/s, and the compression wave arrived at the ignition end at time t 3 . The compression wave then reaches point E, where a localized explosion occurs. Because limited reactants are available in the tube, the point E explosion only generates two compression waves, which propagate in opposite directions. In addition, the flame created by the explosion is immediately quenched.
Peak overpressure and flow speed Figure 6 (a). The red pressure-position curve looks like a W-shaped curve. The peak value initially declines and then increases, but after 15 m the peak overpressure again declines and increases in sequence. This indicates the influence of the internal cross-sectional area of the tubes. The smaller the internal cross-sectional area, the greater the peak overpressure. The peak value in the 0.08 m square pipe was greater than that of the two other sizes. In addition, the maximum overpressure was higher in the pipe with a smaller internal cross-sectional area. Figure 6(b) ).
The dimensionless length-diameter ratio (L) was used to show the combined influence of the length and diameter on the peak overpressure. The red arrowhead lines in Figure 6 
where P c is the critical value in the closed-end tube, P o is the critical value in the open-end tube and L is the length-diameter ratio. These functions represent empirical formulas that predict critical values between the opposing tendencies analysed in this study. They require further research to verify their applicability to general situations. The peak velocities were smaller at the ends of both tubes than at the measured points in the middle of tubes. Our results suggest that the internal crosssectional tube area affects the peak velocity. The smaller the internal cross-sectional area, the greater the peak overpressure. The same phenomenon occurs in the closed-end tube. The peak velocity in the 0.08 -m square pipe was greater than that of the other sizes. The maximum velocity was also higher in the tube with the smallest internal cross-sectional area. where V C is the critical velocity in the closed-end tube and L is the length-diameter ratio. However, the peak velocity in the open-end tube consistently increases with the length-diameter ratio. The empirical formula relating the maximum velocity and length-diameter ratio in the open-end is given by equation (16) lg where V 0 is the peak flow speed at point A for various closed-end tube diameters and lengths, V 1 is the flow speed at point B, V 2 is the peak flow speed at point C and P max is the peak overpressure. where V * 0 is the peak flow speed at point E, V 1 * is the peak flow speed at point F and V 2 * is the peak flow speed at point G.
Flame acceleration Table 4 . In addition, the maximum velocities were always greater in the smaller cross-sectional area tubes. The flame velocity in Figure 9 suggests that the closed-end tube inhibited velocity acceleration, while the open-end tube promoted velocity acceleration. Flame propagation in an enclosure generates acoustic waves, which can interact with the flame front and develop flame perturbations through a variety of instability mechanisms. 29 As mentioned in Section 3.1, the blast wave included the rarefaction wave and other waves. The rarefaction wave rushes out of the tube and into the atmosphere, inducing a compression wave propagate at the ignition end. The compression wave interacts with the flame, which can increase the flame surface. This results in a moderate flame velocity increase in the open-end tube. However, this is not the case in the closed-end tube. The acoustic waive reflected from the end-wall can also increase the flame surface. This process may increase the flame velocity. However, the opposite acoustic wave may introduce cooler, swirling gas into the flame, which can divide the reaction zone into numerous pieces that experience local quenching. This may the process that caused flame deceleration in the closed-end tube. In addition, the flame velocity in the shorter tube was always greater than that in the longer tube for the same propagation distance in the open-end tube. Conversely, the flame velocity in the shorter tube was smaller than that in the longer tube when propagated close to the tube end. This difference suggests that the tube ends significantly impact the flame velocity. Details of this flame velocity influence are shown in Figure 10 . Figure 10 illustrates the flame velocity differences in the closed-end and the open-end tubes. The solid black lines in Figure 10 (a) and (b) represent the base lines. These lines represent the flame velocity variations with increasing propagation distance, but without the influence of the tube end. The dimensionless normalized velocity parameter was applied to describe the discrepancy between the unaffected velocity and the affected velocity. As mentioned above, the flame velocity propagation close to the tube end was greater or smaller in the open-end or closed-end tubes, respectively. Figure 10 (a) depicts normalized velocities versus distance along the propagation direction in the closedend tube. The smaller the cross-sectional area of the tube, the smaller the scope of influence. The scope of influence refers to the dimension along the propagation distance in this paper. In addition, the greater the cross-sectional area, the more gradual the normalized The oscillating wave propagation trajectories in the closedend tube are also shown in the paper. In addition, global quenching and a local explosion were observed in this study. 2. The peak overpressure initially decreases and then increases with propagation distance in the closedend tube. However, it decreases with increasing propagation distance in the open-end tube. In addition, the peak overpressure initially decreases and then increases with the aspect ratio in both types of tube. The flow speed initially increases and then decreases with the propagation distance in the closed-end tube, but increases with increasing distance in the open-end tube. Similar trends were noted between the peak flow speed and aspect ratio. The peak overpressure and peak flow speed coupling were also addressed in this study. The coupled relationship between peak overpressure and peak flow speed can be divided into two stages. The peak flow speed increased with decreasing peak overpressure during the initial stage, but increased with increasing pressure during the second stage. Empirical equations relating the peak overpressure and peak flow speed were presented. 
